Abstract-This paper presents an alternative formulation of the PSO dynamics by a closed loop control system, and analyzes the stability behavior of the system by using Jury's test and root locus technique. Previous stability analysis of the PSO dynamics was restricted because of no explicit modeling of the non-linear element in the feedback path. In the present analysis, the nonlinear element model of the non-linear element is considered for closed loop stability analysis. Unlike the previous works on stability analysis, where the acceleration coefficients have been combined into a single term, this paper considered their separate existence for determining their suitable range to ensure stability of the dynamics. The range of parameters of the PSO dynamics, obtained by Jury's test and root locus technique were also confirmed by computer simulation of the PSO algorithm.
was undertaken in [3] . Clerc and Kennedy represented the PSO dynamics as a second order linear system and determined the condition for stability using eigenvalue analysis of the state transition matrix [3] . Van den Bergh [7] also performed a stability analysis for the PSO dynamics to identify regions in the parametric space to guarantee stability of the system. There exist a few other relevant works on parameter selection of the PSO dynamics [9] , [10] , [11] .
In this paper, we propose a closed loop stability analysis for the PSO dynamics. The analysis differs from the existing works [4] , [9] by the following counts. Unlike the previous works, we here explicitly represent the non-linear element by mathematical models and perform stability analysis for the closed loop system using the model. Because of a specialized state space representation of our model, here the error detector continuously attempts to minimize the difference between the global best position of all the particles and the local best position by the particle under considerations. Further, the deviation of the current position of the particle from the global best position here is considered as the response of the PSO dynamics. The non-linear element here has been modeled to provide the current local best position from its last value and the current position of the particle.
Jury's stability test criteria have been applied on the characteristic equation of the closed loop system, to determine the conditions for stability for the closed loop dynamics. These conditions envisage the suitable parametric space for the PSO dynamics. The root locus analysis for the closed loop PSO system undertaken here provides suitable range for the acceleration coefficients that satisfy the stability conditions for two possible forms of representations of the non-linear element. Faster convergence of the PSO dynamics is attained here by determining the locations of the dominant closed loop poles [6] in the root locus. These dominant poles dictate the best parameter settings for the PSO dynamics for faster convergence. The results of root locus analysis are validated by test runs of the PSO algorithm on standard 21 benchmark functions [12] .
The paper is organized as follows. The basic PSO dynamics and its state space analysis is illustrated in Section II. The closed loop representation of the PSO dynamics and in particular modeling of the non-linear element is considered in Section III. Stability analysis by Jury's test is performed in Section IV. Parameter selection for the PSO dynamics by root locus technique is undertaken in section V. Computer simulations supporting the established results of Section V are given in Section VI. Conclusions are listed in Section VII.
II. THE PSO DYNAMICS AND ITS STATE SPACE REPRESENTATION The PSO algorithm involves the dynamics of a group of particles over a d-dimensional fitness landscape. Each particle embodies a trial solution of the objective function to be optimized. The motion of a particle may be conveniently represented in one dimensional space as follows:
where t v is the velocity of the particle at (1) and (3) we obtain:
Representing equations (4) and (7) is the system matrix.
The stability of the dynamics can be envisaged from the Eigen values ( λ ) of the above matrix. Setting det
III.CLOSED LOOP REPRESENTATION OF THE PSO DYNAMICS
Stability of the dynamics now can be ascertained from the Eigen values of the above system. The state equation (8) can be described in terms of feedback control system model as outlined in Figure 1 . 
f denotes the fitness function of the rough nonlinear search space. The PSO dynamics being linear, can be represented in the form of a transfer function. For the output equation Y = C ( )
can be evaluated by;
Where Δ = )
The non-linearity can be modeled by considering two possible values for 
The second condition can be written as
Based on equation (19) we modify the closed loop configuration of Figure 1 , as given in Figure 2 (a). The equivalent representation of Figure 2 (a) is given in Figure 2 (b). The closed loop representation of equation (18) is given in Figure 3 . (18) by using the identity,
IV.STABILITY ANALYSIS OF CLOSED LOOP SYSTEM
The characteristic equation for the given system (Figure 2  (b) ) is given by:
19(b) According to Jury's test: On the other hand, when we consider the closed loop dynamics of Figure 3 , the characteristic equation is given by, F(Z) = 1 + C(ZI -A) -1 B.Z -n , n 1.
Now by Jury's test, 0 a < 2 + n a yields ω < 1. 
VI.EXPERIMENTAL RESULTS
In this Section, we present the results of computer simulation for the basic PSO algorithm outlined in section 2.
omputer simulation of the basic PSO algorithm was undertaken on an IBM Pentium machine in C-language under Linux environment. A test suit containing 21 well known benchmark functions [12] were considered to study the performance analysis of the basic PSO algorithm with the selected parameter range as obtained from the root locus technique. Here, due to space limitations we are presenting the results only for Schaffer's 6 f function.
The Schaffer's 6 f is given by:
For performance evaluation, the average fitness of particles, and fitness of the best particle are used as the metrics, and the convergence in the two metrics over iterations is determined experimentally. The experiment was performed for different parameter settings of ω , α , the average fitness (as well as the fitness of the best particle) increases at a faster rate than the cases where parameters are selected outside this range. The experimental results indicate that for all the typical 21 functions, ω = 0.6,
α =2.897 yields the best results, i.e. the smallest convergence time with good fitness value. Figure 5 and Table 3 confirm the results. Consequently, the simulation reveals that the predicted acceleration coefficients and inertia factor play a significant role in controlling the stabilization behavior of the PSO dynamics. 
